Ataxia-telangiectasia mutated (ATM) is one of the key molecules involved in the cellular response to DNA damage. A portion of activated ATM is exported from the nucleus into the cytoplasm, where it activates the I kappa B kinase/nuclear factor kappa B (IKK/ NF-kB) signaling pathway. It has been thought that activated IKKb, which is a critical kinase for NF-kB activation, generally resides in the cytoplasm and phosphorylates cytoplasmic downstream molecules, such as IkBa. Here, we identified a new role for IKKb during the response to DNA damage. ATM phosphorylation in response to alkylating agents consisted of two phases: the early phase (up to 3 h) and late phase (after 6 h). A portion of the activated IKKb generated during the DNA damage response was found to translocate into the nucleus and directly phosphorylate ATM in the late phase. Furthermore, the phosphorylation of ATM by nuclear IKKb was suggested to promote DNA repair. In parallel, activated IKKb induced classical NF-kB activation and was involved in antiapoptosis. Our findings define the function of IKKb during the response to DNA damage, which promotes cell survival and DNA repair, and maintains cellular homeostasis.
INTRODUCTION
As many DNA-damaging events occur in the body, an adequate response to DNA damage is indispensable for the maintenance of life and a species. 1 When DNA damage occurs, cells are confronted with a choice of either survival by DNA repair or death. 1 Any failures in DNA repair mechanisms or cell death in response to DNA damage can accumulate mutations on the genome; therefore, maintenance of life for both single cells and individuals becomes problematic. 1, 2 Ataxia-telangiectasia mutated (ATM) has a central role in orchestrating the molecular events involved in DNA doublestrand break signaling and repair. ATM is one of the most important proteins involved in the DNA damage response. 2, 3 A defect in only a single gene of this protein causes ataxia telangiectasia, which is characterized by cerebellar ataxia, genomic instability, hypersensitivity to ionizing radiation, immunodeficiency, cancer predisposition and cell cycle abnormalities. 4 In these diseases, various responses to DNA damage are inhibited and DNA damage accumulates as a result. 5, 6 ATM is a member of the phosphatidylinositol 3-kinase-related kinase superfamily. ATM exists in the nucleus and forms dimers in the inactive state; however, immediately after detection of DNA damage, ATM undergoes intermolecular autophosphorylation on Ser1981. 7 This phosphorylation triggers dissociation of the ATM dimers, thus generating the active form, which can then transmit signals downstream. 2, 7 It is clear that various types of DNA damage can activate ATM, including ionizing radiation, ultraviolet rays, reactive oxygen species, alkylating agents or topoisomerase inhibitors. 3, [8] [9] [10] [11] Nuclear factor kappa B (NF-kB) is one of the factors activated by ATM after DNA damage. 12, 13 The NF-kB transcriptional factor family is involved in various biological effects, such as inflammation, cell proliferation, carcinogenesis and metastasis. [14] [15] [16] [17] NF-kB exists as either a homo-or heterodimer in the cytoplasm bound to the inhibitory protein IkBs. Activation of NF-kB is triggered by phosphorylation of IkBs by IkB kinase (IKK), followed by degradation of IkB. The activated NF-kB dimer migrates to the nucleus where it exerts effects on transcription. 18 The relationship between ATM and IKK/NF-kB signaling is now being studied intensively. Activated ATM is exported from the nucleus in a NF-kB essential modulator-dependent manner and activates IKKa and IKKb, which are the catalytic subunits of IKKs, eventually causing NF-kB activation in the cytoplasm. [19] [20] [21] [22] NF-kB activation was recently reported to have a key role in deciding the fate of cells exposed to DNA damage. 23 Here, we found that IKKb, but not IKKa, directly phosphorylates ATM in response to DNA damage by alkylating agents in the late phase. Furthermore, this phosphorylation occurred when IKKb was translocated into the nucleus from the cytoplasm. This dynamic movement of IKKb and late-phase phosphorylation of ATM is suggested to be involved in DNA repair. Our findings define the function of IKKb during the DNA damage response, which promotes cell survival, DNA repair and maintenance of cellular homeostasis.
RESULTS
Phosphorylation of ATM in the late phase was dependent on IKKb Initially, AGS (human gastric cancer cells) and HeLa (human cervical cancer cells) were treated with N-methyl-N-nitrosourea (MNU), a typical alkylating agent, [24] [25] [26] and DNA damage measured using the alkaline comet assay, which has been used to evaluate DNA damage induced by various genotoxic stresses. 27 We found that a strong DNA damage response was observed 24 h after MNU treatment ( Figure 1a) . To investigate the role of IKKb in response to DNA damage, IKKb-knocked down cells were subjected to an alkaline comet assay 24 h after MNU stimulation. Higher levels of DNA damage were observed in IKKb-knocked down cells than control cells (Figure 1a ). Basal levels of DNA damage were not significantly different between knocked down and control cells. As ATM is known to be a key factor in DNA repair, we also measured DNA damage in ATM-knocked down cells, and found higher DNA damage levels in ATM-knocked down cells as expected (Figure 1a) . To determine the quantity of damage by alkylating agents, we measured the amount of apurinic/apyrimidinic sites (AP sites), which has been reported to be a reliable method for quantifying such damage. [28] [29] [30] The increased rate of AP sites after MNU exposure was greater in ATM-knocked down cells as compared with control cells (Supplementary Figure S1A) , suggesting that ATM was involved in base-excision repair, which is an AP sitemediated mechanism of DNA repair.
31 Surprisingly, the increased rate of AP sites was also greater in IKKb-knocked down cells as compared with control cells (Figure 1b) . As ATM has been reported to be phosphorylated by DNA-damaging reagents (such as alkylating agents), and is a critical signal-transducing kinase associated with DNA repair, 31 we analyzed phosphorylation of ATM after MNU treatment. Phosphorylation of ATM was observed 1 h after MNU stimulation and sustained for at least 9 h in these cells ( Figure 1c ). As IKKb is thought to be involved in the repair of damaged DNA, 32, 33 we determined the effect of IKKb on ATM phosphorylation. ATM phosphorylation was significantly attenuated 6-9 h after MNU stimulation in IKKb-knocked down cells, whereas the initial ATM activation did not differ (Figure 1c) . We investigated the effect of IKKb deficiency on the putative ATM downstream molecule KRAB-ZFP-associated protein 1 (KAP1), and found that late-phase KAP1 phosphorylation was IKKb-dependent (Supplementary Figure S1B) . Attenuated ATM phosphorylation at 6 to 9 h was not observed when IKKa, another catalytic IKK, was knocked down (Figure 1d ). These results were reproduced by treatment with another alkylating agent, methyl methanesulfonate and also in another cell line (Cos-7) (Figure 1e and Supplementary Figure S1C ). These observations resulted in the hypothesis that phosphorylation of ATM in response to alkylating agents consists of two phases: the initial phase (up to 3 h) and the sustained phase (after 6 h). Additionally, IKKb may be involved specifically in late-phase phosphorylation (Figure 1f ).
Late-phase phosphorylation of ATM is dependent on IKKb kinase activity To investigate the role of IKKb in ATM phosphorylation, green fluorescent protein (GFP)-tagged wild-type IKKb (IKKb-WT) and a kinase-negative IKKb mutant (IKKb-KN) were expressed in AGS and HeLa cells (Supplementary Figure S2A) . MNU-mediated ATM phosphorylation was attenuated in IKKb-KN-expressing cells as compared with wild-type in both AGS and HeLa cells (Figure 2a) . Sc-514, a selective IKKb inhibitor, also attenuated phosphorylation of ATM 6 to 9 h after MNU stimulation (Figure 2b ). These results indicate that ATM phosphorylation by alkylating agents was dependent on IKKb kinase activity. As for kinase activity of IKK, IKK and subsequent NF-kB activation following DNA damage are reported to be mediated by ATM. 19, 34 As expected, IkBa degradation and increased IKK kinase activity (determined by in vitro kinase assay) were observed in response to MNU stimulation in both AGS and HeLa cells (Figure 2c and Supplementary Figure S2B ). In addition, IkBa phosphorylation by MNU was dependent on ATM and IKKb, as determined by ATM and IKKb small interfering RNA (siRNA), respectively ( Figure 2D and Supplementary Figure S2B) . As migration of ATM from the nucleus to the cytoplasm is reported to be indispensable for ATMmediated NF-kB activation, 19, 34 we extracted cytoplasmic protein and determined ATM levels by immunoblotting. Cytoplasmic ATM levels increased up to 3 h after MNU stimulation (Figure 2e and Supplementary Figure S2C ). To determine whether the earlyphase cytoplasmic ATM level, which may activate IKKb, affected phosphorylation of ATM in the late phase, we inhibited nuclear export of ATM to the cytoplasm. When leptomycin B, a specific inhibitor of nuclear export, was used, migration of ATM to the cytoplasm was inhibited (Supplementary Figure S2D) . ATM phosphorylation in the late phase was attenuated by leptomycin B addition, suggesting that nuclear export of ATM in the early phase was essential for optimal ATM phosphorylation in the late phase ( Figure 2f ). The schema of the signal suggested from the data thus far is shown in Supplementary Figure S2E .
IKKb directly phosphorylates Ser1981 of human ATM To clarify whether any protein that is transcriptionally regulated by MNU-mediated NF-kB activation affects ATM phosphorylation in the late phase, we used cyclohexamide to inhibit protein synthesis. Neither early nor late-phase phosphorylation of ATM was attenuated by cyclohexamide (Supplementary Figure S3) , suggesting that late-phase ATM activation was not mediated by newly synthesized proteins. Next, we investigated whether IKKb phosphorylates ATM directly or indirectly. Scanning of the known IKKb phosphorylation motifs in ATM resulted in discovery of a number of candidates, including Ser1981 (Supplementary Figure  S4A) . Nuclear extracts of AGS and HeLa were mixed with recombinant kinase-active IKKb and adenosine triphosphate (ATP), and ATM phosphorylation was detected by immunoblotting with anti-phospho ATM (Ser1981) monoclonal antibody. We found that IKKb activated ATM at Ser1981 (Figure 3a) . Thus, we constructed a GST-tagged peptide around Ser1981 of human ATM (GST-AT, Figure 3b ) and found that Ser1981 of GST-AT was phosphorylated by recombinant active IKKb (Figure 3c ). By using a mutant peptide in which Ile 1981 replaced Ser1981, no activation was detected by phospho-ATM (Ser1981) antibody (Supplementary Figures S4B and C). To clarify whether endogenous IKK directly phosphorylated ATM, the IKK complex was immunoprecipitated and a kinase assay performed using GST-AT as a substrate. As expected, GST-AT was phosphorylated by the endogenous IKK in AGS and HeLa cells (Figure 3d ). Furthermore, the experiments using IKKb siRNA showed that this activation was dependent on IKKb ( Figure 3e ).
IKKb translocation into the nucleus in response to MNU stimulation Next, we examined whether IKK phosphorylated ATM in the cytoplasm or nucleus. As the ATM protein was present predominantly in the nucleus, we hypothesized that IKKb was translocated into the nucleus and activated ATM in the late phase. Nuclear extracts of AGS or HeLa cells treated with MNU were immunoblotted with anti-IKKb. Interestingly, both exogenous and endogenous IKKb protein levels in the nucleus increased in response to DNA damage (Figures 4a and b, Supplementary Figures S5A and S5B). To eliminate the effect of endogenous IKKb, we used IKKb-knockout mouse embryonic fibroblasts (KO-MEFs). MNU induced nuclear translocation of IKKb-WT and increased phosphorylation of ATM, whereas IKKb with the nuclear-exporting signal (IKKb-NES) did not translocate into the nucleus or increase ATM phosphorylation (Figure 4c and Supplementary Figure S5C) . IKKb-overexpressing KO-MEFs were treated with MNU and IKKb immunoprecipitated from nuclear extracts. An in vitro kinase assay showed that nuclear IKKb phosphorylated Ser1981 on GST-ATM (Supplementary Figure S5D) . Furthermore, IKKb expressed with the nuclear localization signal (IKKb-NLS) did not phosphorylate Nuclear IKKb phosphorylation of ATM and DNA repair K Sakamoto et al Figures S5E and F) . These data suggest that cytoplasmic processing and subsequent translocation into the nucleus is required for efficient IKKb-mediated ATM phosphorylation. Figure S6A) . We initially confirmed that the response to alkylating damage in MEFs was similar to that in human cells. When wild-type MEFs and KO-MEFs were treated with MNU, ATM phosphorylation in KO-MEFs was attenuated in the late phase, similarly to IKKb-knockdown human cells (Figure 5a ). We next investigated the effect of IKKb deficiency Figure S6C) . Both the percentage of tail DNA and increased rate of AP sites were greater in IKKb-KN-or IKKb-NES-expressing than in IKKb-WT-expressing cells (Figures 5e and  f) . These data suggest that both the kinase activity and nuclear translocation of IKKb are necessary for adequate repair of DNA damage.
IKKb inhibits DNA damage-mediated apoptosis
We have shown that DNA damage by alkylating agents activated IKKb and subsequent NF-kB (Figure 2c ). Inhibition of cell death is one of the most important functions of NF-kB activation. 35 As expected, the survival rate after MNU treatment was lower in IKKb siRNA-transfected cells than in cells transfected with the control (Figure 6a ). We also examined the degree of apoptotic induction, as determined by DNA release, and found that IKKb-knockdown cells showed increased apoptosis relative to controls (Figure 6b ). Based on these data, we propose that IKKb is one of the critical regulators involved in deciding the fate of DNA damaged cells, and the inhibition of apoptosis and subsequent DNA repair in surviving cells (Figure 6c ).
DISCUSSION
The DNA damage response system is very important for eukaryotic cells. Collapse of this system may lead to malignant transformation or excessive cell death. 2, 36, 37 ATM is thought to recognize DNA damage, and has been observed to be activated by various types of DNA damage. Recently, the IKK/NF-kB signaling pathway has been shown to be an important factor activated by DNA damage-activated ATM; however, the functions of activated IKK/NF-kB were not fully understood. In this study, we found that activated IKKb directly phosphorylated ATM and promoted DNA repair in response to DNA damage. Although stimuli were different, it was recently reported that IKKb is Figure S7) . This retrogressive signal seems rational, because IKKb activated not only DNA repair signaling via ATM, but also, and in parallel, a strong anti-apoptotic signal through the canonical NF-kB. The 'DNA repairing action' in the 'surviving cells' confers a strong advantage in the maintenance of cellular homeostasis.
Considering the DNA repair activity of IKKb, alkylating agentinduced carcinogenesis should be increased by IKKb deficiency. However, it seems to be kept in balance by the two functions of IKKb, that is, its anti-apoptotic and DNA repair effects. For example, in models of chemical carcinogenesis, hepatocellular carcinoma increased in liver-specific IKKb-knockout mice (ikkb Dhep ), 38 but colonic and gastric carcinoma decreased in mucosal-cell-specific IKKb-knockout mice (villin-Cre/Ikkb F/D and ikkb DST ). 39, 40 These apparently contradictory results may explain whether damaged cells become highly proliferative. In the hepatocellular carcinoma model, compensatory cell proliferation followed by increased DNA damage was accelerated by increased cell death in the liver of ikkb Dhep mice. In contrast, in colorectal and gastric cancer models, cell proliferation did not increase in villin-Cre/Ikkb F/D or ikkb DST mice. Therefore, the end result of IKKb DNA repair activity in vivo may differ between organs.
In this study IKKb was found to be translocated into the nucleus after alkylating stimulation. Although thought to be present only in the cytoplasm, it was recently revealed that IKKb is present in the nucleus after UV irradiation. 41 The authors described an adapter function of nuclear IKKb for UV-mediated NF-kB activation. We found that nuclear IKKb levels increased after application of genotoxic stimuli. However, the mechanism by which IKKb activation by genotoxic stress can translocate into the nucleus has not been determined.
We observed phosphorylation of Ser1981 in human ATM and Ser1987 in mouse ATM, which is homologous to Ser1981 in human ATM, thus indicating activation. 42, 43 Phosphorylation of Ser1981 maintains ATM in the active monomeric state. 44 Recent studies have shown that phosphorylation sites other than Ser1981 in human ATM are also important for activation. 42, 45, 46 In human ATM, we actually detected a putative IKKb phosphorylation site in addition to Ser1981. Whether such sites are necessary for latephase activation of ATM should be investigated. , and fractionated at the indicated times. The nuclear and cytoplasmic extracts were gel-separated and immunoblotted with antibodies against the proteins indicated. (c) Plasmids encoding GFP-tagged IKKb (IKKb-WT) and GFP-tagged mutant IKKb onto which nuclear-exporting signal was added (IKKb-NES) were transfected into IKKb-knockout MEFs. The cells were then treated with MNU (200 mg/ml) and fractionated after 6 h. The nuclear and cytoplasmic extracts were gel-separated and immunoblotted with antibodies against the proteins indicated.
Ser1981 ATM phosphorylation has been studied mainly as a response to DNA double-strand breaks. However, recent studies have shown that ATM was also phosphorylated in response to various other types of DNA damage. 3, [8] [9] [10] These data demonstrate that ATM has an important role in coping with various types of DNA damage, and that ATM signaling is involved in multiple DNA repair mechanisms, including AP site (base excision) and O6-methylguanine-DNA-methyltransferase-mediated repair. 9, 31 Our data are summarized as a schematic (Figure 6c ). For survival of DNA damaged cells without generation of abnormalities, the simultaneous action of anti-apoptosis and DNA repair may be indispensable. This mechanism should also be beneficial for maintenance of homeostasis in normal cells, by which they can survive naturally arising DNA damage without excessive cell death. In contrast, in the case of cancer cells, this mechanism can enable the cells to resist chemotherapy. 47, 48 Investigation of the signaling between ATM and IKKb may lead to clarification of the responses of cancer cells during chemotherapy and new approaches to therapy.
MATERIALS AND METHODS

Cell lines
AGS, HeLa and cos-7 cells were maintained as instructed by the American Type Culture Collection (Manassas, VA, USA). MEFs were supplied by Dr Michael Karin and maintained in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum and kanamycin sulfate (Invitrogen, Carlsbad, CA, USA) at 37 1C in 5% CO 2 .
Reagents MNU (Sigma-Aldrich, St. Louis, MO, USA) was dissolved in dimethyl sulfoxide (Wako, Osaka, Japan) and used at the concentration of 200 mg/ml in culture medium. Human and mouse TNFa were purchased from R&D Systems (Minneapolis, MN, USA). Leptomycin B and cyclohexamide were purchased from Calbiochem-Merk (Darmstadt, Germany). Doxorubicin was purchased from Sigma-Aldrich.
Antibodies
Anti-phospho ATM antibodies (working dilution 1:1000) and anti-ATM antibodies (working dilution 1:1000) were purchased from Cell Signaling Technology (Boston, MA, USA) and Rockland (Gilbertsville, PA, USA). Anti-HA antibody (working dilution 1:1000) and anti-IKKa antibody (working dilution 1:1000) were purchased from Cell Signaling Technology. Anti-IKKb antibodies (working dilution 1:1000) were purchased from Cell Signaling Technology and Imgenex (San Diego, CA, USA). Anti-IkBa antibody (working dilution 1:1000) and anti-LaminB (working dilution 1:1000) antibody were purchased from Santa Cruz (Santa Cruz, CA, USA). Anti-b-tubulin antibody (working dilution 1:1000) was purchased from Sigma. Anti-GFP antibody (working dilution 1:1000) was purchased from Wako, and anti-phospho KAP1 (working dilution 1:1000) was purchased from Abcam (Cambridge, UK). 
Immunoblotting
The whole cell, cytoplasmic and nuclear extracts were electrophoresed on SDS-PAGE, transferred to a polyvinylidene difluoride membrane (GE Healthcare, Pittsburgh, PA, USA) and blocked for 1 h with TBST plus 5% dry milk. The membrane was probed overnight at 4 1C with the primary Abs, and subsequently washed and incubated with the secondary peroxidaseconjugated Ab. The immunocomplexes were detected with the Enhanced Chemiluminescence Detection kit (ECL Advance; GE Healthcare).
Whole cell, cytoplasmic and nuclear protein extracts Cells were washed with PBS and lysed in ice-cold 1% Triton X-100 (SigmaAldrich) and Complete Mini EDTA-free (Roche Diagnostics, Basel Switzerland). The lysate was centrifuged at 10 000 Â g for 5 min at 4 1C, and the supernatant was used as the whole cell protein extract. Cytoplasmic and nuclear extracts were prepared using the Subcellular Proteome Extraction Kit (Calbiochem-Merk) according to the manufacturer's instructions.
Recombinant protein
The ATM protein-encoding plasmid was a kind gift from Dr Yosef Shiloh. The plasmid was restriction digested and the excised DNA inserted into PGEX2T (GE Healthcare). Mutation of serine 1981 to isoleucine was performed using the QuikChange Site-Directed Mutagenesis kit (Stratagene, Santa Clara, CA, USA). Recombinant GST-fusion proteins were induced and purified from BL21 (DE3) competent cells (Invitrogen). Recombinant active IKKb was purchased from Cell Signaling Technology.
In vitro kinase assay
In vitro IKKb kinase assays were performed following the manufacturer's instructions. Briefly, GST-ATM or GST-ATM-I fragment recombinant proteins (1 mg) were incubated with active recombinant IKKb in a mixture of magnesium/ATP Cocktail (Upstate, Billerica, MA, USA) and 5 Â Assay Dilution Buffer (Upstate) for 30 min at 30 1C. To examine IKKb kinase activity to endogenous ATM, nuclear extractions were incubated with recombinant IKKb in the buffer mixture. To determine the intracellular kinase activity of IKKb, immunoprecipitates were incubated with GST-ATM in the buffer mixture for 30 min at 30 1C. The reaction was stopped with SDS sample buffer and boiling for 5 min. Phosphorylation of substrates after SDS-PAGE was analyzed using anti-phospho ATM (Ser1981) monoclonal antibody.
Plasmids and reagents
Plasmids coding GFP-WT, GFP-KN, GFP-NES, GFP-NLS and GFP-mock were as previously described. 41 Plasmid transfections were performed with FuGENE HD (Roche). Expression was determined by immunoblotting or fluorescence microscopy. Transfection efficacies were 50-60% for AGS, 70-80% for HeLa and 60-70% for MEF, respectively. siRNA and reagents siRNA oligonucleotides of IKKb were purchased from Thermo (Waltham, MA, USA). siRNA oligonucleotides of IKKa and ATM were from the articles. 49, 50 All siRNA transfections were performed with LipofectAMINE RNAiMax (Invitrogen). siRNAs were tested and verified to reduce expression (80% reduction in cellular protein), as determined by immunoblotting.
Alkaline comet assay
Alkaline comet assays were conducted using Comet Assay (Trevigen, Gaithersburg, MD, USA) according to the manufacturer's instruction. The size of head or tail DNA was measured using ImageJ, and the percentage of tail DNA was calculated.
Measuring amounts of AP sites DNA was extracted using a QIAmp mini kit (Qiagen, Hilden, Germany) and the concentration was adjusted according to the manufacturer's instructions. Quantities of AP sites were measured using Nucleostain-DNA Damage Quantification-AP Site Counting (Dojindo, Kumamaoto, Japan), according to the manufacturer's instructions.
Measuring amount of free DNA Cells were stimulated with MNU (250 mg/ml). After 48 h, the culture medium was harvested, and DNA fragments were measured using a Cell Death Detection enzyme-linked immunosorbent assay (ELISA) plus kit, according to the manufacturer's instructions (Roche).
Statistical analyses
Data are expressed as the mean ± s.e. Differences were analyzed using the Student's t-test. P values of 0.05 or less indicated statistical significance.
Scanning of possible IKK phosphorylation motifs
Possible motifs phosphorylated by IKK in ATM were scanned by KinasePhos 2.0. 51 
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